A theory for the phase stability of incommensurable spin structures on the {001} surfaces of the rock-salt antiferromagnetic semiconductors is presented. The theory is based on classical spins and a simple Heisenberg Hamiltonian dependent on three exchange interactions: (a) a surface only nearest-neighbor exchange; (b) a surface second-layer nearest-neighbor exchange; and (c) an antiferromagnetic second-nearestneighbor superexchange throughout the crystal. Incommensurable magnetic surface structures are proven to be the ground state for a considerable range of the surface exchange parameters. The properties of the "frozen" spin waves used in the variational calculation are fully explored. and the implications for low-energy electron diffraction studies of the rock-salt antiferromagnets are discussed. September 9, 1988 ... .
. L Introduction
The Europium monochalcogenides belong to a class of materials referred to as magnetic semiconductors. 1 These compounds display a variety of magnetic behaviors.
In their pure states EuO and EuS are both ferromagnets, EuTe is an antiferromagnet, and EuSe is ferromagnetic below 2.8 K, and antiferromagnetic 2 between 2.8 K and 4.6 K.
It is believed that the magnetism in these compounds arises from exchange interactions involving the localized 4/ -shell electrons of the Eu atoms. 1 In the rocksalt structure of EuX, where X is 0, S, Se, or Te, the Eu atoms are located on a facecentered-cubic lattice. The varied magnetic structures observed in the EuX compounds are a consequence of the competition between dipole-dipole interactions 3 and three exchange processes: (i) the direct overlap of the hybridized Eu 4/ -5d orbitals with the twelve neighboring Eu orbitals (generally ferromagnetic); (ii) the superexchange 4 interaction through the valence band formed largely from the p orbitals of X (antiferromagnetic); and (iii) a nearest-neighbor indirect exchange 5 through the conduction band (either antiferromagnetic or ferromagnetic depending on the amount of doping).
Because of the axial nature of the p orbitals of X, the superexchange mechanism is strongly directed and vanishes for nearest-neighbor Eu atoms. 6 The resulting stable magnetic structures 7 consist of (111) ferromagnetically aligned planes, with alternate planes aligned either parallel (ferromagnets), or antiparallel (antiferromagnets) to each other. The antiferromagnetic structure has been observed 6 in the transition-metal oxides, NiO, CoO, MnO, and FeO, and in EuTe.
The surfaces of many of these and related compounds are expected to display anomalous magnetic properties. 8 For example, Castiel 9 calculated the surface magnons of the unreconstructed { 001 } and { 111 } surfaces of the EuX ferromagnets. His calculation predicted soft magnons on both surfaces, demonstrating their tendency to reconstruct magnetically. The calculation involved only normal modes, however, and no attempt was made to calculate the actual ground-state spin structure.
Experimentally, techniques which probe the surface magnetic structure either directly, such as low-energy electron diffraction (LEED) The stability of incommensurable spin-density waves (SOW) in some metals, such as Cr, is usually attributed to Fermi-surface-type effects 2 0-23 , but EuTe a semiconductor, has no Fermi surface. Section II deals with the details of the model and the calculation, section ill contains the results and discussion, and section IV presents the conclusions.
ll. Calculations
The Eu atoms of the (001) surface of EuTe are sketched in figure 1. The orientation shown for the spins are those chosen for the bulk antiferromagne~9• Three exchange integrals enter the calculation: J, the superexchange between second-nearest neighbors throughout the crystal; K, the net exchange between nearest neighbors on the surface; and L , the net exchange between nearest neighbors where one atom is in the surface layer, and the other is in the second layer. Because only the antiferromagnets are considered, J is restricted to be positive, but K and L are allowed to have either sign. Nearest-neighbor exchange in the bulk is neglected and all layers, except the two surface layers, are assumed to have the bulk antiferromagnetic configuration.
-4-The total energy is written
where S; is a classical spin of unit magnitude fixed at site i , (ij) designates a secondnearest-neighbor pair, <ij > is a nearest-neighbor pair with both spins at the surface,
and [ij] is a nearest-neighbor pair with one spin at the surface and one in the second layer; the sums run over an infinite half space.
Exchange interactions depend quite sensitively on a variety of parameters including pressure, doping, temperature, and proximity to a surface. 1 • 8 .30.3l While ·the low temperatures in the experiments of Grazhulis and coworkers imply that the entropy term of the free energy can be neglected relative to the internal energy, the properties of EuSe suggest that the exchange interactions in the europium monochalcogenides are still very sensitive to changes in temperature. This temperature dependence is, then, accurately modeled by a change in the exchange interactions at zero temperature.
Additionally, the nearest-neighbor surface exchange is more sensitive to the effects of the loss of three-dimensional symmetry at the surface, as reflected in the electronic structure and the buckling of the surface, than the second-nearest-neighbor superexchange. This model, therefore, investigates a range of surface exchange interactions, measured relative to the bulk superexchange strength. The Eu face-centered-cubic lattice is divided into four interpenetrating simplecubic lattices each of which is further divided into two interpenetrating face-centeredcubic lattices. Each simple-cubic sublattice is denoted by a subscript i which runs from A to D . Each face-centered-cubic sub-sublattice corresponding to a given simple-cubic sublattice is designated by the subscript J..L, which is either a or (3.
The trial spin configurations in the two topmost layers have the form of a "frozen", finite-amplitude spin-wave:
where z in a unit vector in the direction of the bulk spin quantization, R refers to the position of the unit cell, and k lies in the Brillouin zone of figure 2. States with k = 0 are referred to as commensurable, and states with k :1:. 0 are called incommensurable.
The spins of (2) have magnitude unity and the energy given by (1) - (2) is easily summed to obtain a closed expression for the energy per unit cell for all k, including those at the zone edge.
All spins not in the top two layers are kept fixed:
and
The total energy (1)- (2), for given values of (K IJ) and ( The minimum energy commensurable spin structure in region <m can · be described analytically in terms of the parameter (K 11) . The second-layer spins with i = C, D are in the bulk configuration (3); the first layer spins are given by
The expression for the energy per unit cell of the two swface layers is
The (0-<m boundary is at (K 11) = 2.25. As (K 11) is increased, with (L/1) held constant, the spins tend progressively toward the nearest-neighbor square-antiferromagnet (NNSA) in which every swface spin is aligned exactly antiparallel to its four nearestneighbor swface spins, and all surface spins lie in the (001) .
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The solid line is the structure factor for the bulk-like antiferromagnetic structure beams and the chain-dot line is the structure factor for the ferromagnetic structure beams.
The dotted line-type corresponds to the beams diffracted by the incommensurable magnetic structure, which, for the choice of k's used here, are located at Figure 10 is a plot of the endpoints of the k-vectors of the incommensurable diffraction beams in figure 9 . From (LIJ) = 0 to (LIJ) = 1.414 the surface structure is the bulk antiferromagnet. At (LIJ) = 1.414 the surface undergoes a first-order transition to an incommensurable state clearly shown by the jump in k seen in figure 10 . As (LIJ) increases further, more and more of the scattering strength is at the incommensurable peaks. Simultaneously, however, k approaches the r-point.
At (L IJ) = 4.0, the two incommensurable spots merge exactly at the zone center.
Although in figure 9 this merging appears to be a first-order transition, it is not. It is the usual factor of two encountered in incommensurable-commensurable transitions.
The distinct jump at (LIJ) = 4.0 appears because for (LIJ) < 4.0 the electrons are scattered into two spots with equal intensity, whereas for (L IJ) ~ 4.0 the two peaks merge into one. The graph in figure 9 shows the structure factor for only one of the two equivalent spots. Figure 11 is a plot of the magnetic structure factors for (LIJ) = 3.00 as a function of (K IJ) for the region near the (iva)-(va) boundary. Here the k-vectors of the incommensurable state were chosen to iie along the r-to-Y' line. As in figure 9 , the solid line is the magnetic structure factor for the bulk-like diffracted beams; the dashed line is for the NNSA diffracted beams. The chain-dash line-type is the magnetic structure factor of the incommensurable diffraction beams at the points
The dotted line is the structure factor for incommensurable beams at Q = [2n , 2m + 1] ± k. The structural transition at (K IJ) = 2.56 is clearly evident and appears to be smooth (second order).
-12- It is possible to choose the parameters (K 11) and (L 11) to stabilize the state of any k-vector along the r-to-Y, or the r-to-Y' line. In some regions of parameter space, which may also coincide with the parameters corresponding to EuTe, the kvector of the incommensurable stable state is very sensitive to small changes in (K 11) and (LIJ).
Finally, since the LEED patterns of these antiferromagnets are expected to display additional diffraction beams caused by magnetic structure at the surface, the magnetic structure factors for several interesting cases were calculated. They revealed that the LEED pattern should be very sensitive to changes in surface exchange integrals. This sensitivity, expected in both location and intensity of the diffraction beams, should be easily observed. ..
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